We demonstrate the evolution of local magnetic domain structures in a Co/Pt multilayer film by X-ray lensless Fourier transform holography. Fully using the advantages of the technique, we successfully visualized actual domain structures at a 50-nm spatial resolution without any disturbance by the probe. The field-induced domain evolution is described by the discontinuous creation of domain clusters, typically of sub-micrometer square area, appearing in different regions on the film. The results constitute direct microscopic visualization of the Barkhausen effect.
Introduction
Magnetic information devices, such as ultradense recording media and magnetic random access memories, have been rapidly downsized to under the tens of nanometer scale. In response, the significance of probes for magnetic imaging with nanometer-scale spatial resolution has been continuously increasing. Magnetic force microscopy (MFM) 1) is one of the most promising techniques, which has already been used extensively as it provides excellent spatial resolution as well as high sensitivity. Despite these benefits, one disadvantage of MFM is the potential disturbance to the magnetic state of the target sample caused by the stray field from the tip. A stray field on the order of 100 Oe remains even for a low-moment tip, 2, 3) and in some cases could modify the magnetic domain structure. Synchrotron X-ray-based magnetic measurements allow magnetic observations with negligibly small disturbance because they involve non-contact probes using X-ray magnetic circular dichroism (XMCD) spectroscopy. 4) These techniques are emerging as key tools for imaging magnetic nanostructures, providing the additional benefit of element specificity. Photoelectron microscopy (PEEM) 5) as well as scanning 6) and full-field transmission soft-X-ray microscopy (TXM) 7) have been established in the last decade. Although both of these techniques have achieved a spatial resolution of 15-30 nm, 7, 8) they are unsuitable for experiments with various sample environments. PEEM measurements under a high magnetic field are impossible because the applied field easily degrades the electron optics used in PEEM. In addition, the sample space available in most TXM setups is generally too small to incorporate a cryostat or an oven because it adopts a zone plate optic with a working distance as short as a few millimeters.
The recently developed X-ray lensless Fourier transformation holography (FTH) 9) is a photon-based magnetic imaging technique that requires no focusing optics but uses the coherence of X-rays. Thus, FTH offers a large sample space where an electromagnet capable of generating >10 kOe field may be introduced. In principle there are no restrictions on performing magnetic imaging under a strong magnetic field. 10, 11) Recent developments using a scheme with the mask separated from the sample have markedly extended the field of view as well as the applicable sample forms. 12, 13) FTH is most likely a promising probe for imaging magnetic nanostructures. Furthermore, a combination of FTH and an X-ray free-electron laser (XFEL) 14) provides opportunities for ultrafast and one-shot imaging of magnetization dynamics in nanomagnets in the femtosecond time scale. 15) Additionally, the available field of view in FTH microscopy will be further extended to a few hundred microns using an XFEL beam with the large lateral coherence length combined with a fine-pixel imaging detector. In this paper, we describe a magnetic imaging study that thoroughly investigates the evolution of the magnetic domain structure under a fine field step in a Co/Pt multilayer to demonstrate the value of the FTH experiment.
Experimental
The sample was a Co/Pt multilayer film that exhibits perpendicular magnetic anisotropy. On one side of an Si 3 N 4 membrane with a thickness of 100 nm, a 1.7-µm thick Au film was deposited and a 2-µm square window was fabricated by focused ion-beam (FIB) milling. In a subsequent process, a magnetic film, Ta (100, 200, and 300 nm) were made by FIB at a distance of 5.5 µm from the center of the sample window. The configuration of the window and reference holes is shown in Fig. 1 (a). For macroscopic magnetization measurements, another Co/Pt film of identical structure was prepared on an Si substrate with a thermally-oxidized SiO 2 film on the top. The FTH experiment was performed at BL17SU of the SPring-8 synchrotron radiation facility.
16) The beamline provides highly stabilized soft-X-ray radiation with variable light polarization. 17) We developed a dedicated piece of equipment for the magnetic FTH measurement, which consisted of high-precision motorized stages and an electromagnet in an ultra-high vacuum chamber. A prototype setup has been established at BL25SU.
12)
The experimental geometry is shown in Fig. 1(b) . X-ray energy was tuned at the Co L 3 edge (778 eV), where the XMCD amplitude is maximized. The degree of circular polarization was estimated to be 0.94±0.05.
18)
A pinhole with a diameter of 20 µm was adopted as a coherence filter at a position 1.0 m in front of the sample. The sample magnetic film and reference holes were coherently illuminated by circularly polarized X-rays. A photon flux incident on the sample was estimated to be 1×10 8 photons/s, and the transverse coherence length was 70 µm. The hologram pattern owing to the interference of the object and reference waves was recorded using an X-ray charge-coupled device (CCD) of the back-illumination type (Princeton Instruments, PIXIS-XO:2048B), located 0.6 m behind the sample. The film was magnetized perpendicularly with an external field up to 8 kOe with a stability of ∼ ±1 Oe. All measurements were conducted at room temperature. An example of a measured hologram is shown in Fig. 1(b) . A real-space image in Fig. 1(c) is reproduced from the hologram by applying fast Fourier transformation (FFT). In the figure, the six 2×2 µm squares are the magnetic images of the sample window portion. Three pairs (A, A'), (B, B') , and (C, C') of the cross-correlations of the sample and each reference hole and its conjugate images, appear at central-symmetric positions. Magnetic images are obtained by subtracting two FFT-reconstructed images taken for right-and left-circular polarizations. The typical accumulation time per hologram image was 2 s, and 100 images were summed for each X-ray helicity.
Results and discussion
Magnetic images corresponding to the 100-nm reference hole [A in Fig. 1(c) ] were used to study the evolution of magnetic domain structure in the Co/Pt multilayer. Figure 2 shows the magnetic images recorded at different fields during the magnetization process. The gray scale shows XMCD amplitudes that correspond to the magnetization value perpendicular to the film plane; black and white pixels denote magnetic moments parallel (negative) and anti-parallel (positive) to the incident X-ray beam, respectively. In each image, the intensity of the cross-correlation spot of the 200-and 300-nm reference holes, which was recorded outside the field of view in Fig. 1(c) , was used to normalize the XMCD contrast. The spatial resolution of the obtained magnetic images was estimated to be 50 nm from the 10-90% width of the border of a domain, 12) with the assumption that the domain wall width was negligibly small. This value is smaller than the pinhole diameter, and which is possibly due to a narrow part inside the pinhole channel or a waveguide effect from a tapered shape of the pinhole.
9) The current resolution is limited by the size of the reference hole and may be improved when smaller reference holes become available from a more accurate fabrication process. Furthermore, the differential holographic encoding method recently proposed has achieved the spatial resolution as high as 16 nm with the FTH technique. 19) Domain images taken for a demagnetization cycle are shown in Fig. 2 . The sample magnetization was initially saturated in the positive direction by an external field The creation of each new local domain occurred quite suddenly by a change in the external field on the order of a few to several Oersteds. We have thus visualized the discontinuous creation of local domains. This is a direct observation of the microscopic mechanism of the Barkhausen effect, 20) which has been visualized similarly in other magnetic films by magneto-optical Kerr microscopy, MFM, and TXM [21] [22] [23] with larger field steps. It should be noted that the transient field value for the Co/Pt multilayer is one-tenth of the typical stray field ( 100 Oe) from a low-moment MFM tip.
2, 3)
As shown in Figs. 2(a)-2(l), the maze structures in individual local domain clusters are determined when created, and the structures are maintained until the whole area of the sample is covered with a number of clusters. Similarly abrupt formation of domain clusters was observed in a magnetization process where a negatively saturated sample was magnetized by an increasing field.
In Figs. 2(m)-2(p), selected images for another demagnetization cycle are shown for comparison. The domain structures were quite different in the first and second cycles even at a similar magnetic field. This result suggests that the domain structure in the observed area is irreproducible across different magnetization cycles. Thus, we may exclude the possibility that the domains are fixed or pinned for artificial reasons, such as defects or strain potentially induced by fabrication of the window. It is reasonable to consider that the manner of domain evolution currently observed in the window area should be identical to that in a typical as-grown Co/Pt magnetic film prepared on a plain substrate.
We present a local magnetization curve for the observed area of the Co/Pt film in Fig. 3 . Representative magnetic domain images are also shown. The plot was derived from the domain images taken as a function of external field. For each image, the gray-scale contrasts were summed over the window area. The sums represented a local magnetization value in the area of the 2×2 µm window. For comparison, the figure also shows the macroscopic magnetization curve of another Co/Pt multilayer film grown on a Si/SiO 2 substrate, measured using a vibrating sample magnetometer (VSM). Clearly, the local magnetization curve shows discontinuous changes, whereas the macroscopic magnetization loop changes smoothly. The step-like changes in the local magnetization are due to the sudden formation of domain clusters illustrated in Fig. 2 . At similar partial areas of sub-micrometer to a micrometer square of the Co/Pt film, discontinuous creation or annihilation of a local domain cluster occurs at a different field. The macroscopic magnetization curve was measured for the entire film and was an average of a huge number of domain clusters over the film. Therefore, discontinuous domain changes were averaged and the resulting macroscopic magnetization varies smoothly. A similar deviation between the step-like local magnetization hysteresis and the continuous macroscopic hysteresis was reported for a Co/Pd multilayer by transmission XMCD measurement.
24) The observations in this study give the characteristic lateral size of local domain clusters in a Co/Pt multilayer film generated at once. The size of the cluster corresponds to the extent of a region on the magnetic film where the magnetostatic energy can preferably be minimized by a competition between the long-range dipole interaction and natural pinning by grain boundaries of the film.
Conclusion
In summary, we visualized, by X-ray lensless Fourier transform holography, the evolution of local magnetic domain structures in a Co/Pt multilayer film without instrumental disturbance. The field-induced domain evolution is described by discontinuous creation of small domain clusters of typically sub-micrometer-square area appearing in different areas on the film. FTH will be a valuable technique for magnetic nanoscopy in advanced magnetic films and nanodots, allowing element-specific observation of the intrinsic magnetic domains and their evolution under high magnetic fields.
